Diffuse axonal injury (DAI), a major component of traumatic brain injury, is associated with rapid deformation of brain tissue resulting in the stretching of neural axons. Focal axonal swelling, which is the morphological hallmarks of DAI pathology, leads to the disconnection of neurons from tissues, resulting in cell death. Our goal is better understanding of neuronal tolerance and help to predicting the pathogenesis of DAI from mechanical loading to the head. In present study, we developed an in vitro stretch injury device that subjected cultured cells to a wide range of mechanical stretch that are experienced during in vivo head injury. Then using this device, PC12 cells, which extend structurally axon-like cylindrical protrusions in culture, were stretched to a strain of 0.15, 0.30, or 1.00 at strain rates of 30, 40, or 80 s -1 , or left as static culture. Following mechanical loading, we assessed neurite swelling resulting in neuronal detachment from culture substrate and neuronal death. As a result, the increase in early neurite swelling was dependent on the severity of the stretch, and neuronal adhesion and viability at 24 h post-injury decrease in a stretch-dependent manner. These results suggest that the formation of neurite swellings correlates with the progression to neuronal death.
Introduction
Diffuse axonal injury (DAI), which involves widespread damage to neural cells, is caused by sudden inertial loading to the head, and is associated with rapid deformation of brain tissue resulting in the stretching of neural axons (1) . This mechanical insult damages the neurofilament structure in the axon cytoskeleton, causing focal compaction and/or impaired transport. The resulting accumulation of neurofilaments and transport material induces focal axonal swelling (2) . Axonal swelling leads to secondary axotomy, resulting in the disconnection of neurons from target tissues, and cell death (3) (4) . The axonal swelling associated with the accumulation of cellular organelles and proteins is the morphological hallmark of DAI pathology (5) . In the past, histological diagnosis of DAI has been made by silver staining for the presence of "axonal retraction ball"; however, the appearance of the bulb generally takes 12-24 h after head injury (6) . Earlier detection can be achieved by immunolabeling the β-amyloid precursor protein (βAPP), which is conveyed by axonal transport (7) . βAPP accumulates where axonal transport is disrupted (8) and the time to a detectable level of βAPP is as early as 1.75-3 h after head injury (9) - (11) . Wilkinson et al. (12) reported that there was a strong, positive, and significant relationship between the size of the swellings in βAPP-immunolabeled damaged axons with survival time in postmortem brain tissue. Investigation of tissue-and cellular-level injury biomechanics is critically important in refining neural tolerance criteria and developing a diagnosis of DAI. The aim of the present study was to gain a better understanding of the correlation between stretch-induced axonal swelling and neural death. In this study, we developed an in vitro stretch injury device that subjected cultured cells to a wide range of mechanical stretch that are experienced during in vivo head injury. Following mechanical loading to PC12 cells using this device, cell morphology and cell viability were evaluated by microscopic observation.
Materials and methods

Cell culture
PC12 cells, which are tumor cells derived from adrenal chromaffin cells of the rat (13) ,
were provided by the RIKEN Cell Bank (Tsukuba, Japan). The cells extend neurites, structurally axon-like cylindrical protrusions, after exposure to nerve growth factor (NGF), and differentiate into cholinergic sympathetic neurons (14) . 
, 100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), and 0.1 mg/mL streptomycin (Sigma-Aldrich) under conditions of 5% CO 2 and 100% humidity at 37°C. The cells were seeded onto 0.01% poly-L-lysine (Sigma-Aldrich) -coated poly (dimethylsiloxane) (PDMS) substrate at 500 cells/cm 2 in presence of 50 ng/mL NGF (Invitrogen™, Life Technologies) for 1 week. The mixture of PDMS-prepolymer and the curing agent (SYLGARD ® 184; Dow Corning, Midland, MI, USA) in a 10:1 ratio was poured into a 60-mm polystyrene culture dish to a thickness of 0.5 mm. The culture dish containing PDMS was placed in an oven at 65°C for 1 h. The surface of the PDMS was hydrophilized using a plasma cleaner (PDC-32G; Harrick Plasma, Ithaca, NY, USA).
Stretch injury device
The device consists of a function generator (WF1946; NF, Yokohama, Japan), an air compressor, a solenoid valve (MTV-3-M6KGH; Takasago Electric, Nagoya, Japan), a power amplifier (HSA4011; NF), a stretch chamber consisting of a polycarbonate pressure chamber, the PDMS substrate, which is a flexible elastic substrate, and a stainless-steel plate with a rectangular slit of 2 mm × 26 mm (Fig. 1A) . A pneumatic pressure pulse from the air compressor applied to the pressure chamber causes the PDMS substrate to deform and the cells on the PDMS substrate are stretched. The rectangular slit in the stainless-steel plate narrows the deformation of the PDMS substrate. In a case of narrow rectangular geometries, a much larger deformation is produced across the slit width ( ) in comparison to that produced along the slit length ( ). Beyond geometries where was approximately 8 times , the deformation field is principally uniaxial (15) . Therefore, we chose to study this uniaxial deformation field in more detail, and selected a long, narrow geometry ( ⁄ 13.0) that produced a highly anisotropic strain field for subsequent experiments. The PDMS substrate was attached to the pressure chamber so as to not expose the cells to pressure. The chamber pressure was monitored using a pressure sensor head (AP-43; Keyence, Osaka, Japan) and an amplifier (AP-V41A; Keyence). The perpendicular displacement of the deformed PDMS substrate to the undeformed PDMS substrate in the rectangular slit was measured using a CCD laser displacement sensor head (LK-G80; Keyence) and a controller (LK-GD500; Keyence). These data were simultaneously collected using a hing, the PDMS substrate was placed in a culture dish experiments were conducted within 5 min. We confir en cells in static culture and cells, which were no ber. It is suggested that strains between 0.10 and 0.50 0 s -1 are necessary to produce damage (16) .
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Morphological observation
Cells were observed using an inverted microscope (IX71, Olympus, Japan) equipped with a cooled CCD camera (Penguin 600CL, Pixera, Japan). Phase-contrast images were obtained immediately before, immediately after, and at 1 h, 3 h, and 24 h after injury. The cell number, neurite length, and number of neurite swellings were measured manually in 5 randomly selected images per experiment using ImageJ (National Institutes of Health, Bethesda, MD, USA). The neurite swelling was defined as a thick part in neurite and the number of neurite swellings in each neurite were divided by each neurite length.
Cell viability
Cell viability was assessed using fluorescent probes (LIVE/DEAD ® Viability/Cytotoxicity Assay Kit; Lonza, Walkersville, MD, USA) for distinguishing live and dead cells. Cells were rinsed with Dulbecco's phosphate buffered saline (D-PBS) and were incubated with 4 μM ethidium homodimer-1 (EthD-1; excitation and emission wavelengths of 528 and 617 nm, respectively) and 2 μM calcein-AM (excitation and emission wavelengths of 494 and 517 nm, respectively) at 37°C for 30 min. After rinsing with D-PBS, fluorescence images were obtained at 24 h after injury using an inverted fluorescence microscope equipped with fluorescence mirror units (U-MWIBA3 for live cells; U-MWIG3 for dead cells; Olympus). Live and dead cells were manually quantified using 5 randomly selected regions per experiment.
Statistical analysis
More than 100 neurons per PDMS substrate were analyzed at each time point post-injury. Results are expressed as the mean ± standard error of the mean (SEM) of 3-5 independent experiments. Means were compared by Tukey's multiple comparison test. A p value of less than 0.05 was considered significant.
Results
Increase in number of neurite swellings following stretch injury
Neurite swellings were observed in neurons following stretch injury (Fig. 2) ; however, they were present in low amounts in static culture (controls) and at pre-injury time points (Fig. 3) . The appearance of swelling started as early as 5 min post-injury and remained at 24 h post-injury. The number of swellings per 1-mm neurite length was significantly higher in injured neurons than in controls at all time points after injury and was dependent on the strain and strain rate. The number of swellings following a strain of 1.00 with a strain rate of 80 s -1 (severe stretch) was significantly higher than that in other groups, such as those exposed to a strain of 0.30 with a strain rate of 40 s -1 (moderate stretch) or a strain of 0.15 with a strain rate of 30 s -1 (mild stretch). However, there was no significant difference between the latter 2 groups at all time points after injury.
Loss of neuronal adhesion following stretch injury
Neurites disappeared and cell bodies were detached from the PDMS substrate following stretch injury (Fig. 4) . This loss of neurons, which were 198 ± 58 (mean ± SD) cells at pre-injury, was initiated as early as 5 min following severe stretch, and increased significantly after 5 min post-injury compared to those of controls (Fig. 5) . The number of neurons decreased significantly at 24 h following moderate stretch compared to the control; however, there was no significant difference between the number of neurons following mild stretch and that of the control. On the other hand, the number of neurons decreased significantly at 1 h following severe stretch, compared to the number following mild stretch. ents a statistically significant difference (p < 0.05) versus contro ents a statistically significant difference (p < 0.05) versus mild s l represents a statistically significant difference (p < 0.05) versu ction of neuronal viability following stretch injury ead neurons were detected 24 h after stretch injury, alt S substrate (Fig. 6) . The percentage of viable cells d e stretch than in the control; however, there was no s e cells following moderate and mild stretch compare a decreasing trend in all groups (Fig. 7) . In addition ased significantly following severe stretch compared stretch. scussion this study, we assessed stretch-induced neurite hment from culture substrate and neuronal death. The ndent on the severity of the stretch, although there though they were adherent on the decreased significantly following statistically significant change in ed to the control, although there n, the percentage of viable cells to those following moderate and swelling resulting in neuronal increase in neurite swelling was was no statistically significant difference between mild stretch (a strain of 0.15 with a strain rate of 30 s -1 ) and moderate stretch (a strain of 0.30 with a strain rate of 40 s -1 ). We believe that secondary neuronal death resulting in DAI may be predicted by quantifying axonal swelling. Previously, it has been reported that axonal swelling in cultured neurons is generated within 5-10 min following fluid shear stress (17) (18) . In our own previous experiments, we subjected PC12 cells to biaxial stretch with a strain of 0.1-0.2 with a strain rate of 2-4 s -1 (19) . As a result, the number of neurite swellings increased after 5 min following stretch injury and was highest at 1 h, but decreased between 3 h and 48 h. However, the increased neurite swellings at 3 h were sustained until 24 h in the present study. These results suggest that the production and recovery of axonal swelling varies according to not only the magnitude and rate of strain but also the time course following mechanical insult. Similarly, neuronal detachment at 24 h post-injury increased in a stretch-dependent manner, although there was no significant difference between static culture (controls) and mild stretch. However, the number of dead neurons that were adherent to the culture substrate increased significantly at 24 h following severe stretch only (1.00 with a strain rate 80 s -1 ) compared to all other groups. In a previous study, the viability of 3-D neuronal-astrocytic co-cultures decreased 2 days following shear deformation with a strain of 0.5 and a strain rate of 30 s -1 ; however, there was no change in the viability of cultures exposed to a strain rate of 1 s -1 or 10 s -1 compared to controls (20) . Brain slice cultures injured at strain rates of 20 s -1 and 50 s -1 paradoxically required more time to die than those injured at a strain rate of 10 s -1 , which appeared to recover over time (21) . ur results suggest that more neurons may die followin uronal adhesion could develop after 24 h, although anged and recover following mild and moderate stre hed cells induced within 24 h after stretch injury corr urite swellings after 5 min post-injury, with a Spearm 74. Recently, Cullen et al. (22) reported that acute ce ressive or shear loading correlated strongly with nsult. This report corroborates our results, altho anical loading. summary, our findings demonstrate that (1) an ndent on stretch severity, (2) neuronal adhesion an ases in a stretch-dependent manner. Further inv ation between axonal injury and neuronal death will c uronal tolerance and help to predicting the pathoge ng to the head. 
